nature neurOSCIenCe a r t I C l e S An accurate sense of surface temperature helps animals to perceive object structure and identity. Psychophysical experiments have shown that humans are able to perceive tiny changes in skin cooling with a range between 0.4 and 1.8 °C (refs. 1,2). It has, however, proved challenging to assess the perceptual ability of rodents to discriminate small temperature steps at threshold levels. Classical paw withdrawal tests cannot differentiate between reflexive avoidance behavior and sensory perception 3 . Two-plate thermal preference arenas have shown that mice avoid cooler floor temperatures [4] [5] [6] , but this test has limited spatial and temporal control of the stimulus and lacks fine-grained resolution for near threshold perception. We therefore developed a short-latency, goal-directed thermal perception task using the glabrous skin of the mouse forepaw.
a r t I C l e S An accurate sense of surface temperature helps animals to perceive object structure and identity. Psychophysical experiments have shown that humans are able to perceive tiny changes in skin cooling with a range between 0.4 and 1.8 °C (refs. 1,2). It has, however, proved challenging to assess the perceptual ability of rodents to discriminate small temperature steps at threshold levels. Classical paw withdrawal tests cannot differentiate between reflexive avoidance behavior and sensory perception 3 . Two-plate thermal preference arenas have shown that mice avoid cooler floor temperatures [4] [5] [6] , but this test has limited spatial and temporal control of the stimulus and lacks fine-grained resolution for near threshold perception. We therefore developed a short-latency, goal-directed thermal perception task using the glabrous skin of the mouse forepaw.
A general dogma is that all somatosensory input, including thermal, is integrated by the primary somatosensory cortex (S1) to form a coherent sensory percept. S1 is necessary for tactile somatosensory perception in rodents [7] [8] [9] [10] [11] [12] [13] . The role of S1 in thermal perception, however, is under debate, with three studies concluding that rodent S1 is not involved [14] [15] [16] and another concluding that it is 17 . This may be because these studies used large cortical lesions with long recovery and retraining periods in freely moving rats that used facial regions to detect temperature [14] [15] [16] [17] .
Likewise, very little is known about the underlying cortical neural processing of non-noxious thermal stimuli in rodents. To the best of our knowledge, only one study, conducted in anesthetized rats stimulating scrotal skin, has shown extracellular responses of cortical neurons to thermal stimulation 18 . At the sensory periphery, a range of primary afferents, including myelinated Aβ mechanoreceptors 2, 19 , thinly myelinated Aδ fibers and unmyelinated polymodal C fibers, fire during skin cooling 4, 20, 21 . Although it is thought that thickly myelinated Aδ fibers are responsible for cooling perception, C fibers have been recorded with low thresholds for cooling 4, [21] [22] [23] and could also contribute to the perception of mild cold.
To identify the neural pathways and brain regions involved in cooling perception, we studied the forepaw somatosensory system of mice. We found that mice could perceive glabrous skin cooling and that forepaw S1 processes both thermal and tactile input and is required for mild cold thermal perception. Finally, we found that expression of the menthol-activated transient receptor potential melastatin 8 (TRPM8) ion channel in glabrous skin afferent neurons is required for the detection of perceptually relevant mild cooling temperature information.
RESULTS

A temperature perception task for head-restrained mice
To investigate the perceptual ability of mice to detect mild skin cooling, we developed a thermal perception task in head-restrained, armtethered mice. Mice quickly adapt to arm-tethering, allowing us to present thermal stimuli using a Peltier element positioned against the glabrous skin of digits 2, 3 and 4 of the right forepaw (Fig. 1a) . The thermal stimulator was held at 32 °C throughout the experiment and then rapidly reduced in temperature by 10 °C in 0.5 s, held at 22 °C for 2 s and returned to 32 °C in 0.5 s (32-22 °C, total duration of 3 s) at random time intervals. Mice were rewarded with water droplets for licking within a 3-s window of opportunity following the thermal stimulus onset (Fig. 1b and Supplementary Fig. 1) . A time-out was imposed if mice licked within the 2-s period before the stimulus. Stimulus trials were mixed with catch trials, where no stimulus was presented, at 50:50. Mice learned to report a 32-22 °C thermal stimulus in the first training session and then gradually improved their hit rate during subsequent training sessions ( Fig. 1c and Supplementary Fig. 1 ). We then reduced the amplitude of the cold stimuli in separate training sessions to assess the threshold for cooling perception. Mice were able to report a temperature reduction of 2 °C from skin temperature with high success rates (Fig. 1d) , placing mouse cooling detection performance in a similar range as that of healthy humans 1,2 . a r t I C l e S Cortical processing of mild cooling and tactile stimuli To assess whether mouse forepaw S1 is involved in processing of nonnoxious cooling stimulation of the paw, we first performed intrinsic optical imaging during cooling and tactile stimulation in isoflurane anesthetized mice (Fig. 2a,b) . In all mice (n = 8), cooling and tactile stimulation of the paw generated an overlapping intrinsic optical signal over forepaw S1, with 78.9 ± 6.4% of the area evoked by cooling overlapping the touch response (Fig. 2c,d ) and the distance between the peaks of the intrinsic signal being 187.8 ± 27.4 µm. These data suggest that there are neurons located in forepaw S1 that respond to cooling thermal and/or to touch stimuli.
To directly assess neuronal activity in S1, we next made wholecell patch-clamp recordings from forepaw S1 cortical layer 2/3 (L2/3) neurons during cooling and tactile stimulation of the forepaw in awake head-restrained mice (Fig. 3a-c) . 32-22 °C stimuli were presented to digits 2-4 at 0.1 or 0.05 Hz, with a subset of mice also being stimulated with a 100-Hz, 300-ms vibrotactile stimulus. Cooling of the forepaw digits triggered a subthreshold response in 13 of 17 neurons (range = −3.6-13.2 mV; Fig. 3d ) and tactile stimulation triggered a subthreshold response in seven of ten neurons (range = −4.0-13.9 mV; Fig. 3d) . A comparison of the absolute evoked membrane potential response amplitude showed no significant difference between cooling and tactile stimuli (cooling, n = 17 neurons, 5.12 ± 0.7 mV; tactile, n = 10 neurons, 7.4 ± 1.5 mV; Wilcoxon-MannWhitney two-sample rank test, P = 0.2429; Fig. 3e) . A change in action potential (AP) firing was recorded in 6 of 17 neurons to cooling stimuli (range = −0.6 to 3.6 APs per stimulus; Fig. 3f ) and in 5 of 10 neurons to tactile stimuli (range = −0.9 to 10.5 APs per stimulus; Fig. 3f ). There were more evoked APs during tactile than cooling stimulation (cooling, n = 17 neurons, 0.53 ± 0.20 APs per stimulus; tactile, n = 10 neurons, 2.24 ± 0.94 APs per stimulus; Wilcoxon-MannWhitney two-sample rank test, P = 0.0002; Fig. 3g) . Measurements of the kinetics of the subthreshold responses in significantly responding neurons showed a longer latency (cooling, 202.6 ± 72.4 ms, n = 10 neurons; tactile, 15.6 ± 0.6 ms, n = 7 neurons, Wilcoxon-MannWhitney two-sample rank test, P = 0.0185, Fig. 3h ) and later time to peak (cooling, 925 ± 155 ms, n = 13 neurons; tactile, 50.1 ± 11.2 ms, n = 7 neurons; Wilcoxon-Mann-Whitney two-sample rank test, P < 0.0001) for cooling than for tactile stimulation (Fig. 3i) , most likely explained by the faster kinetics and different amplitudes of tactile and thermal stimuli.
To have more control over stimulus presentation and paw movement during sensory stimulation, we next performed whole-cell recordings from L2/3 cortical neurons under isoflurane anesthesia (Fig. 4a,b and Supplementary Fig. 2 ). Under isoflurane anesthesia, cortical neurons oscillate between hyperpolarized, quiescent 'downstates' and depolarized, active 'upstates' . Stimulation of the paw elicited a subthreshold response to cooling in 11 of 16 neurons (range = 3.7-9.0 mV; Fig. 4c ). We further tested ten of these neurons with a tactile stimulus and recorded a subthreshold response in all ten neurons (range = 5.7-20.1 mV; Fig. 4c) . A comparison of the absolute evoked membrane potential responses showed a larger response to touch than to cooling (cooling, n = 16 neurons, 5.64 ± 0.46 mV; tactile, n = 10 neurons, 12.0 ± 1.4 mV; Wilcoxon-MannWhitney two-sample rank test, P = 0.0001; Fig. 4d ). Only one cell showed a change in AP firing to cooling stimulation and none to tactile stimulation (Fig. 4e) , highlighting the sparse coding of Mice rapidly learned to report cooling stimuli and progressively increased the probability of hits (P (lick)) during once per day training sessions (ANOVA with Tukey's multiple comparison: day 1, P = 0.0232; day 2, P = 0.0326; day 3, P = 0.0045; day 4, P < 0.0001; day 5, P < 0.0001; day 6, P < 0.0001; n = 10 mice). (d) The cooling perceptual threshold was tested in trained mice by reducing the amplitude of the cooling stimulus from the 32 °C hold temperature by different amounts in daily sessions (ANOVA with Tukey's multiple comparison: 10 °C, P = 0.0005; 6 °C, P = 0.0003; 4 °C, P = 0.0039; 2 °C, P = 0.0100; 1 °C, P = 0.1242; 0.75 °C, P = 0.1048; 0.5 °C, P = 0.1207; n = 6 mice). In c and d, data points indicate population mean and error bars represent the s.e.m. Asterisks represent significance between hit and false licks, *P < 0.05, **P < 0.01, ***P < 0.001. npg a r t I C l e S in the shorter latency (tactile, 23.6 ± 5.9 ms, n = 10 neurons; cooling, 188.7 ± 44.1 ms, n = 10 neurons; Wilcoxon-Mann-Whitney twosample rank test, P < 0.0001; Fig. 4g ) and the earlier time to peak (tactile, 91.4 ± 32.5 ms, n = 10 neurons; cooling, 953.8 ± 161.7 ms, n = 11 neurons; Wilcoxon-Mann-Whitney two-sample rank test, P < 0.0001; Fig. 4h ) of the tactile compared with the cooling response. Simultaneous measurements of paw position confirmed that the paw did not move during thermal stimulation under anesthesia (Supplementary Fig. 3 ). L2/3 S1 forepaw cortex neurons are therefore multimodal for touch-and mild cold-evoked sensory input. S1 forepaw cortex is necessary for cooling perception We next assessed whether S1 has a causal role in thermal perception by silencing neuronal activity in S1 forepaw cortex during the sensory perception task with pharmacological microinjections. Tetrodotoxin (TTX) is a sodium channel antagonist that prevents action potential firing and can rapidly silence neuronal activity in vivo. Microinjection of TTX into forepaw S1 during the task robustly and reversibly reduced the detection of the cold thermal stimulus in six mice (Fig. 5a) . TTX also prevents action potential firing in axons originating from neurons with somatic locations outside of S1. To avoid axonal inactivation, we next microinjected the AMPA receptor antagonists 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and NMDA receptor antagonist d(−)-2-amino-5-phosphonovaleric acid (AP5). Injection of CNQX and AP5 into S1 also blocked sensory perception of cooling stimuli in a reversible manner (Fig. 5b) ; thus, glutamatergic transmission in forepaw S1 is required for cooling perception. Finally, we injected the GABA A receptor agonist muscimol to hyperpolarize and silence forepaw S1 neurons during the task. Muscimol injections also reduced the ability to detect cold thermal stimuli (Fig. 5c ). Ringer's solution injection into forepaw S1 had no effect on thermal detection (Fig. 5d) ; thus, it was the pharmacological antagonists injected, and not the injection process itself, that blocked perception.
To confirm that the reduction in detection of cooling stimuli was not the result of the drugs spreading to other cortical or subcortical nuclei, we next injected TTX into primary visual cortex (V1) during Figure 5 Pharmacological inactivation of forepaw primary somatosensory cortex prevents cooling perception. (a-c) Microinjection of TTX (a), CNQX/AP5 (b) and muscimol (c) into forepaw S1 prevented perception of the cooling stimulus (pre versus TTX, n = 6 mice, ANOVA with Tukey's multiple comparison P = 0.0064; pre versus CNQX/AP5, n = 6 mice, ANOVA with Tukey's multiple comparison P = 0.0283; pre versus muscimol, n = 6 mice, paired t test, P = 0.0002). (d) Injection of extracellular Ringer's solution into S1 or TTX into primary visual cortex (V1) did not alter cooling perception (pre versus Ringer's, n = 6 mice, ANOVA with Tukey's multiple comparison, P = 0.8174; Ringer's versus V1 TTX, n = 6 mice, ANOVA with Tukey's multiple comparison, P > 0.9999; pre versus V1 TTX, n = 6 mice, ANOVA with Tukey's multiple comparison, P = 0.9975). (e) TTX injection into forepaw S1 did not affect the ability of mice to report an acoustic stimulus with licking (pre versus TTX, n = 4 mice, paired t test, P = 0.9307). Cyan lines show hit response rates and black lines show false hits. Data points indicate mean population and error bars represent s.e.m. ns = not significant (P > 0.05). (d) Population analysis of the absolute evoked sensory response revealed that cortical neurons in Trpm8 +/+ mice showed a larger subthreshold response to cooling than those in Trpm8 −/− mice (n = 8 cells from 7 Trpm8 +/+ mice, 9 cells from 9 Trpm8 −/− mice; Wilcoxon-Mann-Whitney two-sample rank test, P = 0.033). (e) Behavioral training in a cooling (32-22 °C) detection task revealed that Trpm8 −/− mice (magenta) were unable to learn the task, whereas littermate Trpm8 +/+ mice quickly showed improved success rates over daily training sessions (day 6: (hit-fail rate) Trpm8 +/+ versus (hit-fail rate) Trpm8 −/− , n = 6 mice, ANOVA with Tukey's multiple comparison, P < 0.0001). Bars in d and e represent mean population and error bars represent s.e.m. npg a r t I C l e S the thermal detection task in trained mice. Injection of TTX into V1 in six mice had no effect on cold thermal detection (Fig. 5d) . Recent work suggests that a cortical region near forepaw S1 is associated with licking motor control 25 . To confirm that the inactivation of forepaw S1 had not also blocked the ability of mice to lick, we first inactivated forepaw S1 in three mice with TTX and noted that mice were still able to lick spontaneously. Furthermore, we trained four mice in an acoustic detection task and inactivated S1 forepaw cortex. Mice quickly learned to lick at short latency in response to a brief acoustic click. Inactivation of S1 forepaw cortex with TTX during the acoustic task did not affect the ability of the mouse to lick in response to an acoustic stimulus (Fig. 5e) . We therefore conclude that neuronal activity in forepaw S1 is necessary for mild cold thermal perception in mice.
Cooling perception involves TRPM8
Transient receptor potential melastatin 8 (TRPM8) has been identified as an ion channel receptor protein that mediates cold transduction in sensory afferent neurons that innervate the skin 26, 27 and is involved in cold avoidance behavior in mice [4] [5] [6] 22 . Whole-cell patchclamp recordings from L2/3 cortical neurons in forepaw S1 in anesthetized Trpm8 −/− and Trpm8 +/+ littermate control mice during cold thermal stimulation of the forepaw revealed that six of eight neurons in Trpm8 +/+ mice showed a subthreshold response to cooling. In comparison, one of nine neurons in Trpm8 −/− mice responded to cooling (Fig. 6a-c) . The absolute evoked subthreshold response was significantly smaller in Trpm8 −/− mice as compared with Trpm8 +/+ mice (Trpm8 +/+ , 3.09 ± 0.56 mV, n = 8 neurons; Trpm8 −/− , 1.78 ± 0.51 mV, n = 9 neurons; Wilcoxon-Mann-Whitney two-sample rank test, P = 0.0333; Fig. 6d ). Trpm8 −/− neurons did, however, respond to tactile stimulation of the paw (Supplementary Fig. 4 ). TRPM8 expression is therefore required for the response of S1 neurons to mild cooling stimuli of the paw.
Given that cortical neurons in Trpm8 −/− mice showed no cooling response, we predicted that these mice would be unable to learn the cooling detection task. We trained six Trpm8 −/− and six littermate control Trpm8 +/+ mice in the cooling detection task. Trpm8 +/+ mice quickly learned the task, whereas Trpm8 −/− mice were unable to detect a 32-22 °C cooling stimulus (Fig. 6e) . Trpm8 −/− mice did not have a major impairment in sensory learning, as mice that were unable to report cooling could report an acoustic stimulus after similar behavioral training (Supplementary Fig. 5 ). Our data suggest that the sensory afferent neurons expressing the TRPM8 receptor are the same neurons that provide the necessary afferent drive to cortical circuits in S1 that underpin the perception of mild cold in mice.
C fibers signal mild cooling of the glabrous skin To identify which afferent fibers are responsible for forwarding cooling thermal information from glabrous skin to S1, we made extracellular single-unit recordings from sensory afferents using an ex vivo skin-nerve preparation of the tibial nerve innervating the hind paw. Recordings in Trpm8 −/− and Trpm8 +/+ mice were made using 32-12 °C (Fig. 7a) and 32-22 °C stimuli (Supplementary Fig. 6 ) with a similar time course and shape as the stimuli used to train mice in the perceptual task. We reasoned that information on mild cooling that was absent in sensory afferents from Trpm8 −/− mice would allow us to pinpoint those fiber types that relay behaviorally relevant information to S1. Cooling of the skin can activate A-β mechanoreceptors 28 and Aδ and C fiber afferents 4, [21] [22] [23] , which are classically considered to be nociceptors 29 . Across all recordings, the percentage of afferents that responded to cold was reduced from 15.6% (24 of 154 single units) in Trpm8 +/+ mice to 5.7% (11 of 193 single units) in Trpm8 −/− mice (χ 2 test, P = 0.0024) (Supplementary Fig. 7a) . 
a r t I C l e S
A small proportion of A-β mechanoreceptors responded to cooling in Trpm8 +/+ mice (~3.4%, 1 of 29 units; Fig. 7b) , albeit with relatively high thresholds (Fig. 7c) . However, in Trpm8 −/− mice, cooling-sensitive Aβ mechanoreceptors were found at a similar frequency (~10.4%, 5 of 48 units, not significantly different from Trpm8 +/+ mice, Fisher's exact test, P = 0.4002) and with similar firing rates as in control mice (Fig. 7b-d) . A very small proportion of thinly myelinated, Aδ fiber mechanonociceptors (<5%) were activated by cooling, but again, there appeared to be little loss of cold sensitivity in Aδ fibers recorded from Trpm8 −/− mice. Thus, the cold sensitivity of A-β mechanoreceptors and Aδ fibers seems unlikely to contribute to mild cooling perception in mice. In contrast, there was a significant reduction in the numbers (Fig. 7b,c) of C fibers showing a response to cooling (32-12 °C) in Trpm8 −/− compared with control Trpm8 +/+ mice (Trpm8 +/+ mice, 30%, 21 of 70 units tested; Trpm8 −/− mice, 7.6%, 5 of 66 units; χ 2 test, P = 0.0058), consistent with data from hairy skin 4 . Moreover, the firing rates were reduced in the remaining cold-responsive C fibers in the Trpm8 −/− mouse (Fig. 7e) .
Most cold-sensitive C fibers (19 of 21) were also responsive to mechanical stimuli (C-MCs), and the loss of Trpm8 led to a reduction in this population (Fig. 7c) . The two cold-sensitive C fibers lacking mechanosensitivity in Trpm8 +/+ mice showed no ongoing activity at rest and had cooling thresholds that were indistinguishable from other cold-sensitive C fibers (Fig. 7) . A subpopulation of low-threshold cold-sensitive C fibers also responded to noxious heat and were classified as C-MechanoHeatCold fibers (C-MHCs); we found no C-MHCs in Trpm8 −/− mice (Fig. 7c) . The noxious heat sensitivity of C fibers was, however, unaltered in Trpm8 −/− mice (Supplementary Fig. 7) . Examination of the cooling thresholds of the remaining cold-sensitive C fibers in Trpm8 −/− mice revealed that they had much higher cooling thresholds for activation than wild-type receptors (mean threshold for all C fibers (C-MHC + C-MC), n = 33 in 13 Trpm8 −/− mice, 18.0 ± 1.8 °C from 13 mice, 23.9 ± 0.8 °C for all identified C fibers; n = 3 in 5 Trpm8 +/+ mice; Wilcoxon-Mann-Whitney two-sample rank test, P = 0.0202; Fig. 7d) . The behavioral performance of mice was reliable within 2 °C from baseline temperature (32-30 °C) (Fig. 1) ; thus, our comparison of primary afferent recordings with sensory perception data indicates that TRPM8-expressing C fiber nociceptors with low thresholds for cooling may relay behaviorally relevant information to S1.
DISCUSSION
Our results reveal the neural circuits that enable mice to perceive cooling of the skin. We first found that mice were able to detect small cooling stimuli (2 °C from skin temperature) delivered to the forepaw, making their thermosensory performance similar to that of humans. Second, we found that mouse primary somatosensory forepaw cortex (S1) is necessary for thermal perception. Third, the TRPM8 cold receptor protein was necessary for mild cold temperature perception, suggesting that cold avoidance behaviors that are impaired in Trpm8 −/− mutant mice could be a result of a lack of fine temperature perception [4] [5] [6] . Finally, our primary sensory nerve recordings identified polymodal C fibers with low thresholds for cooling as the likely drivers for fine cooling perception in mice.
The cortical responses to cold thermal stimulation suggest that forepaw S1 is directly involved in the perception of mild cold (Figs. 2-4) . Using locally applied pharmacological reagents in forepaw S1 that block action potentials and synaptic transmission or enhance inhibition, we found that cooling detection performance was reversibly blocked (Fig. 5) . We conclude that forepaw S1 is necessary for mild cold thermal perception. Previous studies in humans have shown that patients with lesions in S1 can have deficits in thermal perception threshold [30] [31] [32] , and intracortical stimulation can elicit illusory thermal sensations of the skin 33, 34 . Furthermore, neuronal responses to thermal stimulation have been recorded in S1 in humans 35 , cats 36, 37 and monkeys 38 . More recently, however, lesion studies 39, 40 , cortical stimulation 41 , magnetoencephalographic 42 and functional magnetic resonance imaging 43 has led to the suggestion that insular cortex has a major role in non-noxious thermal perception in humans. Our data suggest that S1 is critical for thermal perception in mice, but do not exclude a role for insular cortex in thermal processing. Indeed, in rodents, a secondary somatosensory representation is located in insular cortex 44 .
It is now well established that the TRPM8 ion channel present in sensory afferents is an important transducer of cold [4] [5] [6] 27 . We found that Trpm8 −/− mice are incapable of perceiving mild cold and this lack of behavior is correlated with the loss of cold-evoked activity in cortical L2/3 neurons. It has been shown that, in hairy skin, deletion of the Trpm8 gene reduces the number of cold sensitive fibers 4 . We confirmed and extended these findings by showing that the major cell population that responded to rapid mild cooling stimulation of glabrous skin and showed a reduction in numbers and threshold in the Trpm8 −/− mouse were of polymodal C fibers. Support for this idea comes from the fact that the majority of cold-evoked activity in L2/3 cortical neurons was evoked with long latencies, consistent with the very long conduction time of C fibers. Some cold-evoked responses may also derive from cold-sensitive Aδ fibers 45 , but this probably represents a sparse sensory drive, as robust increases in Aδ fiber thermal thresholds were not observed in Trpm8 −/− mice. These data raise the possibility that behaviorally relevant sensory information related to the haptic properties of felt objects from the glabrous skin may be signaled by classical nociceptors.
It makes intuitive sense that touch and temperature input are processed by the same cortical region as the feel of an object is inseparable from its thermal conductivity. This fact is illustrated by well-known perceptual illusions such as Weber's effect, where cold objects feel heavier than neutral objects and a warm penny placed on the skin next to a cold penny also feels cold 46, 47 . An intriguing observation from our cortical recordings is that individual L2/3 S1 forepaw cortex neurons are activated by both tactile and cold thermal stimulation of the paw in awake and anesthetized mice (Figs. 3 and 4) . Although the peak evoked membrane potential response to cold stimulation was smaller (about half) than that to tactile, this could reflect the different onset kinetics of the stimuli. The slower and less synchronized afferent drive during thermal stimulation could cause a temporal smearing of the synaptic response in cortex and reduced amplitude as compared with faster onset tactile stimuli with more synchronized afferent input. Reminiscent of membrane potential and optical recordings from L2/3 neurons in other cortical regions 24 , we observed sparse, heterogeneous spiking responses to thermal and tactile stimulation. It is known that neurons in primary sensory cortical regions do integrate sensory input across modalities [48] [49] [50] ; however, these interactions are typically studied between modalities transduced by different sense organs such as sound and vision. We found multimodal responses in the same cortical region from separate sensory pathways originating at the same sense organ, the glabrous skin. Our results therefore establish a genetic model system for investigating not only thermal perception, but also the integration of multimodal sensory input in the formation of a unified sensory percept, a fundamental operation of the neocortex.
METHODS
Methods and any associated references are available in the online version of the paper. 
